IN RECENT YEARS, THE METABOLIC SYNDROME has been increasingly recognized by clinicians as a major risk factor for cardiovascular disease and diabetes (28, 32, 36) . Although the definition varies, it generally involves three of the following abnormal metabolic parameters (13, 41) : central obesity (with excessive fat tissue in and around the abdomen), atherogenic dyslipidemia [mainly high triglycerides and low high-density lipoprotein (HDL)], insulin resistance or glucose intolerance, hyperglycemia, and elevated blood pressure. Since coronary heart disease and diabetes are the leading causes of death in the United States, the pharmaceutical industry has now focused on discovering drugs that can address multiple arms of the metabolic syndrome (23) .
Mouse models are widely used to study lipid metabolism, atherosclerosis, and diabetes, but, to date, animal models that encompass all of these characteristics remain limited. Furthermore, a model that develops hypertension in addition to all of the above aspects of metabolic disorders would be desirable. Extensively used models in the lipid and atherosclerosis fields are the apolipoprotein E (Apoe Ϫ/Ϫ ) (27, 43) and low-density lipoprotein receptor knockout (Ldlr Ϫ/Ϫ ) mice (18) . These two models have distinct lipoprotein profiles, with Apoe Ϫ/Ϫ mice containing high levels of very-low-density lipoprotein (VLDL) and Ldlr Ϫ/Ϫ mice exhibiting high levels of low-density lipoprotein (LDL). Both models (15, 24) have been used extensively in understanding the mechanisms of lipoprotein metabolism and the development of atherosclerosis. However, certain features of these models have limited their use. For instance, cholesterol diet-fed Ldlr Ϫ/Ϫ mice develop only a minimal amount of atherosclerotic lesions, even at 9 -12 mo of age (33) . In addition, the plasma cholesterol in this model is carried in the ApoB-48-containing VLDL particles and chylomicron remnants, making it less relevant to human conditions because most humans with atherosclerosis have high plasma levels of ApoB-100-containing LDL and do not produce ApoB-48 in the liver (20, 31) . Most importantly, both Apoe Ϫ/Ϫ and Ldlr Ϫ/Ϫ mice are models for hyperlipidemia and atherosclerosis, and insulin resistance cannot be addressed along with lipid disorders in these models. To develop mouse models that exhibit hyperglycemia, insulin resistance, and hyperlipidemia with a lipoprotein profile close to that in humans, we obtained mice that synthesize exclusively ApoB-100 backcrossed on an ApoE-deficient or LDL receptor-deficient background (Apoe Ϫ/Ϫ Apob 100/100 or Ldlr Ϫ/Ϫ Apob 100/100 ) (8, 34) and bred them to Lep ob/ob mice to generate mice that develop symptoms corresponding to multiple arms of the metabolic syndrome.
In this report, we characterized the degree of obesity, diabetes, dyslipidemia, atherosclerosis, and hypertension in Ldlr 3KO (Ldlr Ϫ/Ϫ Apob 100/100 Lep ob/ob ) and Apoe 3KO (Apoe Ϫ/Ϫ Apob 100/100 Lep ob/ob ) mice. To assess their potential for developing new therapies, we treated both models with leptin for 11 wk. To further assess the benefits, if any, of leptin therapy beyond its potential to reduce body weight, we included a group of mice that had been food restricted to match the body weights of the leptin-treated animals. In addition, a group of mice fed ad libitum was used as a control group. Our data demonstrate that these two mouse models develop not only obesity, insulin resistance, and hyperlipidemia but also hypertension and atherosclerosis. Although Ldlr 3KO mice had more atherosclerotic lesions than Apoe 3KO mice, Apoe 3KO mice were significantly more obese and more diabetic than Ldlr 3KO mice. Treatment of both lines with leptin or food restriction improved many of these metabolic perturbations. In general, food restriction was effective in mimicking the effects of leptin. However, leptin treatment was more potent in lowering cholesterol levels and aortic lesion areas in Apoe 3KO mice. (34) . Only male mice were included in this study. Blood samples were collected by retroorbital bleed on nonanesthetized mice either in the fed state or following a 4-h fast (0900-1300) using EDTA microtainer tubes. Animals were singly housed and kept under constant day-night (lights on 0630-1830) conditions. All experiments were approved by Amgen's Institutional Animal Use and Care Committee.
METHODS

Generation of Ldlr
Blood chemistry measurements. Total plasma cholesterol, triglyceride, and nonesterified fatty acid (NEFA) levels were measured from frozen plasma using the Hitachi 717 clinical chemistry analyzer. Blood glucose levels were measured immediately following blood collection on a glucose monitor (One Touch Profile Meter; Lifescan, Milpitas, CA). Reagents for cholesterol and triglyceride measurements were purchased from Boehringer Mannheim (Indianapolis, IN). Reagents for NEFA measurement were obtained from Wako Diagnostics (Richmond, VA).
Cholesterol lipid profiles. Plasma samples were collected and stored on ice, vortexed, and cleared by brief centrifugation. Plasma (100 l) was diluted to 400 l in PBS and fractionated by AKTA FPLC gel filtration using two serial Superose 6 (10/300) GL columns run at a flow rate of 0.5 ml/min. Fractions were assayed by enzymatic colorimetric methods (test kit from Wako Diagnostics).
Insulin measurements. Insulin levels were determined in plasma samples using Mouse Endocrine Lincoplex 96-well plate assay kit (MENDO-75K; Linco Research, St. Charles, MO). Samples were run in duplicate according to the manufacturer's instructions and analyzed using Upstate Beadview (Temecula, CA) software.
Glucose tolerance test. Glucose tolerance tests were carried out in mice fasted for 12 h (2100-0900) for the characterization of the two lines and 8 h (2300-0700) for the experiments with leptin treatment. Fasted blood glucose was measured prior to an intraperitoneal injection of glucose (0.5 g/ml dextrose) at 1 g/kg body wt. Blood samples were collected from the retroorbital sinuses of nonanesthetized mice. To minimize stress levels in the tested animals, only 30-and 90-min blood glucose levels were measured using the One Touch Profile Meter.
Analysis of atherosclerotic lesions by morphometry. Aortas were dissected for quantification of atherosclerosis. Pentobarbital-anesthetized mice were perfused with phosphate-buffered saline followed by fixative (4% paraformaldehyde, 5% sucrose, 20 mM EDTA, pH 7.4). With the major branching vessels attached, the aorta was opened longitudinally from the iliac arteries to the aortic root. All branching vessels were removed, including the great vessels in the neck, and most of the aorta (from the iliac bifurcation to a point equidistant between the aortic valve and the bracheocephalic artery) was removed and pinned flat onto a paraffin wax board. Sudan IV stain solution 0.5% (wt/vol) was dissolved in equal parts 70% ethanol and 100% acetone. The mounted aorta was stained in the following manner: the fixative was rinsed out for 3 min in PBS followed by 5 min in 70% ethanol and then stained in freshly filtered Sudan IV for 6 min with occasional agitation. The stained aorta was then differentiated in 80% ethanol for 3 min and finally washed in PBS for 3 min. After staining, the aorta was removed from the board and cut into four 1-cm segments, beginning at the proximal end. The segments were individually positioned on a glass plate and mounted under a glass coverslip using PBS, taking care to eliminate all folds and air bubbles. Images of the aortas were captured with a Nikon DXM 1200 digital camera utilizing a Nikon SMZ-U dissecting microscope (Nikon USA, Melville, NY) and the Automatic Camera Tamer imaging software. Each image was analyzed with Metamorph Imaging System software version 6.1 (Molecular Devices, Sunnyvale, CA) red-green-blue thresholding to define lesion areas. Atherosclerotic lesions were quantified by a trained observer blinded to mouse genotype and treatment. Data are reported as the percent of the aortic surface covered by lesions. The total length of the aorta was also measured, making it possible to determine the extent of atherosclerotic lesions in different segments of the aorta.
Blood pressure measurements. Blood pressure was measured indirectly using the BP-200 Blood Pressure system for mice (Visitech Systems, Apex, NC) (37) . Briefly, mice were placed on a heated platform for precisely 5 min prior to initiating the measurements to facilitate the dilation of the tail vessels (platform heated to 98 -100°F). Restrainers were custom made to allow as much space around the obese mice as the restrainers used for the C57BL/6 mice. As part of the acclimation period, 10 preliminary measurements were followed by 10 experimental measurements. Ten-week-old Apoe 3KO, Ldlr 3KO, and two groups of C57BL/6 mice were measured for 5 consecutive days. Measurements from the 4th and 5th days were averaged for data analysis. After the 5th day, drinking water bottles were replaced with new drinking water bottles containing enalapril (catalog no. E6888 -5G; Sigma-Aldrich, St. Louis, MO) for three of four groups at a dose of 10 mg/kg body wt. Two concentrations of enalapril were prepared to account for the differences in water consumption in 3KO mice (5.8 ml/day) compared with C57BL/6 mice (5 ml/day), as determined in preliminary experiments (data not shown). Mice were allowed to recover for 2 days, after which blood pressure monitoring resumed for another 5 days. For posttreatment data analysis, measurements from the 4th and 5th days were averaged. C57BL/6 mice receiving enalapril and mice not receiving treatment but exposed to the same experimental regime were used as controls.
Recombinant leptin and food restriction treatments. At the beginning of the study (mice at 10 wk of age), three treatment groups were randomized from each mouse line on the basis of their blood glucose levels. Mice were treated daily with saline or leptin, and food was restricted (with daily saline injection). Saline-treated mice received intraperitoneal saline injections 5 times/wk (shown to be similar to saline injections 7 times/wk; data not shown). The leptin-treated mice were injected with recombinant murine leptin every day for 86 days. Recombinant murine leptin was generated as previously described (26) . Solutions for injection were freshly diluted each day with saline. The leptin doses were adjusted throughout the experiment to maintain minimal changes in body weight. Recombinant leptin doses ranged from 20 to 80 g ⅐ kg Ϫ1 ⅐ day Ϫ1 for Apoe 3KO mice and 10 to 120 g ⅐ kg Ϫ1 ⅐ day Ϫ1 for Ldlr 3KO mice. Food intake was measured daily for all mice. The food-restricted groups received a portion of the amount of food consumed by the leptin-treated mice. Food amount was adjusted daily for every food-restricted mouse with the aim to mirror the average body weight of groups treated with leptin. Never-theless, mice from the food-restricted groups changed their feeding behavior; these mice immediately (within 30 min after administration) ate their food and underwent a fast for the rest of the day. To minimize an extensive fasting period meals were provided at two different times of the day, 66% of the meal at 1530 and 33% of the meal the next morning at 0830.
Statistical analyses. All statistical analyses were carried out using a one-way ANOVA incorporating a Tukey posttest to compare all pairs of data unless otherwise stated.
RESULTS
Ldlr 3KO and Apoe 3KO mice exhibit many characteristics of the metabolic syndrome. The body weights of the Ldlr 3KO and Apoe 3KO mice were significantly greater than that of the C57BL/6 mice (P Ͻ 0.0001 for both groups; Fig. 1A ). Furthermore, Apoe 3KO mice grew heavier than Ldlr 3KO mice. At 15-16 wk of age, Apoe 3KO mice weighed 63 Ϯ 1 g, whereas Ldlr 3KO mice weighed 58 Ϯ 1 g. Interestingly, only Apoe 3KO mice were hyperglycemic (Fig. 1B) , and glycemic control in these mice fluctuated with age in a trend similar to the glucose levels of Lep ob/ob mice (26) . The glucose levels of Ldlr 3KO mice were indistinguishable from normal C57BL/6 mice. Despite this blood glucose variation, both mouse lines exhibited marked hyperinsulinemia. Plasma insulin levels of both lines of triple-knockout mice were significantly higher than that of C57BL/6 mice ( Fig. 1C) . Again, Ldlr 3KO mice were less severely affected than Apoe 3KO mice; on average, Ldlr 3KO mice had 34.6% lower plasma insulin concentrations. Consistent with worsened glucose homeostasis, we observed glucose intolerance in Apoe 3KO mice (Fig. 1D ). Glucose intolerance was evident in these mice at 7-8 wk of age and sustained until 15-16 wk (data not shown). Ldlr 3KO mice, although hyperinsulinemic, showed no deterioration in glucose tolerance when compared with C57BL/6 mice.
Both Ldlr 3KO and Apoe 3KO mice were hypercholesterolemic, and their cholesterol levels were elevated almost 10-fold when compared with that of C57BL/6 mice ( Fig. 2A) . There was no difference in cholesterol level between the two lines of triple-knockout mice. However, when the plasma lipoproteins were fractionated, the distributions of VLDL, LDL, and HDL were distinctive between the two mouse knockout lines and the C57BL/6 mice. In keeping with published data (3), HDL is the dominant lipoprotein species in C57BL/6 mice, with very low levels of LDL and VLDL (Fig.  2B ). In contrast, the cholesterol distribution among VLDL, LDL, and HDL was very different between the two mouse lines (Fig. 2B ). Ldlr 3KO mice had more LDL than VLDL, with lower HDL levels, whereas Apoe 3KO mice had higher VLDL than LDL and again lower HDL.
At 15-16 wk of age, plasma triglyceride levels of the Ldlr 3KO and Apoe 3KO mice were similar and were three-and fourfold higher than that observed in C57BL/6 mice, respectively (Fig. 2C ). The plasma NEFA levels of the Ldlr 3KO and Apoe 3KO mice were also significantly greater than those of the C57BL/6 animals ( Fig. 2D) .
We investigated the extent of lesion formation in both lines of mice. At 12 wk of age, atherosclerotic lesions were found mainly in the aortic region of the whole aorta in both lines, and, as expected, no lesions were found in the aortas of C57BL/6 mice (Fig. 3) .
To further establish these two lines of mice as representative models of the metabolic syndrome, we measured indirect systolic blood pressure. Following a training period of 3 days, Fig. 1 . Body weight and glucose homeostasis in LDL receptor (Ldlr) triple-knockout (3KO) and apoplipoprotein E (Apoe) 3KO mice. Body weight and glucose homeostasis were profiled in cohorts of mice 7-16 wk of age. A: body weight of C57BL/6 (n ϭ 8 -18), Ldlr 3KO (n ϭ 22-52), and Apoe 3KO (n ϭ 18 -52). Body weight was significantly increased in Ldlr 3KO and Apoe 3KO mice compared with C57BL/6 mice. Apoe 3KO mice were significantly heavier than Ldlr 3KO mice. B: fed blood glucose levels of C57BL/6 (n ϭ 8 -18), Ldlr 3KO (n ϭ 5-17), and Apoe 3KO (n ϭ 10 -24) mice. Fed blood glucose levels were significantly increased in Apoe 3KO only compared with C57BL/6 mice. C: fed insulin levels of C57BL/6 (n ϭ 16 -28), Ldlr 3KO (n ϭ 16 -32), and Apoe 3KO (n ϭ 18 -46) mice. Insulin levels were significantly higher in both Ldlr 3KO and Apoe 3KO mice compared with C57BL/6 mice and were significantly higher in Apoe 3KO mice than in Ldlr 3KO mice. D: glucose tolerance test performed in 13-to 14-wk-old mice. Glucose tolerance test in C57BL/6 (n ϭ 8), Ldlr 3KO (n ϭ 11), and Apoe 3KO (n ϭ 10) mice showed glucose intolerance in Apoe 3KO mice compared with C57BL/6 mice. All data represent means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.0001 vs. C57BL/6 mice; ϩϩP Ͻ 0.01, ϩϩϩP Ͻ 0.0001 vs. Ldlr 3KO mice.
we recorded blood pressure in 10-wk-old mice from each line and from C57BL/6 mice (in the 4th and 5th days). Both Ldlr 3KO and Apoe 3KO mice had elevated blood pressure (Fig.  3B ). To investigate whether this was true hypertension and not a consequence of poor acclimation, we treated both strains with enalapril in drinking water (1 group of C57BL/6 mice was maintained on drinking water without enalapril). The hypertension observed in Ldlr 3KO and Apoe 3KO mice was corrected by enalapril, and the blood pressure was normalized to the level in C57BL/6. Blood pressure was also slightly decreased in C57BL/6 mice. This decrease is unlikely to be a consequence of the blood pressure-lowering effects of enala- Fig. 2 . Plasma lipid profiles in Ldlr 3KO and Apoe 3KO mice. A: cholesterol levels were measured in cohorts of 15-to 16-wk-old C57BL/6 (n ϭ 8 -18), Ldlr 3KO (n ϭ 7-18), and Apoe 3KO (n ϭ 7-16) mice. Ldlr 3KO and Apoe 3KO mouse cholesterol levels are similar and both significantly higher than those of C57BL/6 mice. B: cholesterol plasma lipoprotein profiles of C57BL/6, Ldlr 3KO, and Apoe 3KO mice. Ldlr 3KO mice were enriched with LDL cholesterol, whereas Apoe 3KO mice were enriched with VLDL cholesterol. C: triglyceride levels were measured in the same mice described in A and found to be significantly higher in both Ldlr 3KO and Apoe 3KO mice compared with C57BL/6 mice. D: nonesterified fatty acid (NEFA) levels were measured in the same mice described in A and found to be significantly higher in both Ldlr 3KO and Apoe 3KO mice compared with C57BL/6 mice. All data represent means Ϯ SE. ***P Ͻ 0.0001 vs. C57BL/6 mice. Fig. 3 . Aortic plaques and blood pressure in Ldlr 3KO and Apoe 3KO mice. A: representative images of dissected aorta from 11-to 12-wk-old mice stained with Sudan IV. Atherosclerotic lesions are evident at this young age in both Ldlr 3KO and Apoe 3KO animals. C57BL/6 mice served as a negative control group. B: indirect blood pressure measurement was assessed in 2 groups of C57BL/6 (n ϭ 17 for each group), Apoe 3KO (n ϭ 16), and Ldlr 3KO mice (n ϭ 22). Systolic pressure values are averages of the last 2 days of measurements obtained from 5-day trained animals (for both pre-and posttreatment); see METHODS. Enalapril (10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 given to 3 of 4 groups of mice) was administered in the drinking water for 7 days. All data represent means Ϯ SE. *P Ͻ 0.05 vs. C57BL/6 mice pretreatment. ns, No significant difference vs. C57BL/6 mice posttreatment with enalapril. pril, as it was also observed in C57BL/6 mice drinking water only. Thus, the decrease in blood pressure is more likely associated with prolonged exposure of the animals to the apparatus. Therefore, enalapril does not lower blood pressure in all mice but rather only in hypertensive mice, confirming the phenotype in the Ldlr 3KO and Apoe 3KO animals.
Ldlr 3KO and Apoe 3KO serve as pharmacological models. We sought to determine the potential of these two mouse lines as tools for in vivo pharmacological studies. Additionally, we were interested in understanding the role of leptin in lipid metabolism and considered the contrasting characteristics of these two lines to be useful toward this goal. We formed three groups for each line: 1) control mice injected with saline and fed ad libitum (saline ad libitum), 2) leptin-treated mice to attain a stable body weight but with free access to food (leptin ad libitum), and 3) mice injected with saline but food restricted to match the body weight for the leptin-treated group (saline food restricted). The last group was included as a control for the leptin-treated mice and intended to identify the direct role of leptin in glucose and lipid metabolism independent of its weight-lowering effects.
At the beginning of the study and prior to the treatments, Apoe 3KO mice had significantly higher body weights than Ldlr 3KO mice (58.5 Ϯ 1.9 vs. 50.7 Ϯ 1.3 g, respectively, P ϭ 0.0036). The body weights of Ldlr 3KO and Apoe 3KO mice (saline ad libitum) increased during the study (Fig. 4, A and B) and diverged from those of leptin-treated and food-restricted mice. The mice in the leptin treatment group maintained a constant body weight throughout the 86 days of the study period. As intended, there was no difference in body weight between the food-restricted and leptin-treated mice for both Apoe 3KO and Ldlr 3KO lines.
Consistent with the differences in body weight, Apoe 3KO mice ate more than Ldlr 3KO mice at the start of the study (1.7 g more; Table 1 ). Administration of leptin significantly lowered food consumption in both lines of mice compared with the saline-treated animals (beginning on day 7 for Apoe 3KO mice, P ϭ 0.0294, beginning on day 9 for Ldlr 3KO mice, P ϭ 0.0047; data not shown). Consistent with the extra-satiety effects of leptin, the food-restricted groups in both lines required significantly less food than the leptin-treated groups to maintain similar body weights.
Glucose homeostasis was investigated in both lines of mice (Table 1 and Fig. 4, C and D) . Neither leptin nor food restriction decreased glucose in Ldlr 3KO mice, although these mice were initially euglycemic compared with C57BL/6 mice (Fig. 1B) . Nonetheless, a drastic reduction was observed in fasted insulin levels in both treatments compared with the saline control group. Furthermore, leptin treatment significantly lowered insulin more than food restriction in these mice. Apoe 3KO mice, on the other hand, exhibited an improvement in blood glucose with food restriction but not with leptin treatment, and there was no reduction in insulin levels with either treatment. The effect of leptin on glucose tolerance was evident during the glucose tolerance test in Ldlr 3KO mice only (Fig. 4, C and D) . Similar observations were made at different ages (data not shown). Leptin-treated Ldlr 3KO mice had lower glucose levels than the saline-treated controls at the 30-(40% reduced) and 90-min (21% reduced) time points, whereas the Apoe 3KO leptin group had only a 20% reduction in blood glucose levels at the 90-min time point compared with the saline-treated group. These data suggest that Ldlr 3KO mice are less diabetic and more glucose tolerant than Apoe 3KO mice, and these differences were seen when mice were Fig. 4 . Body weights and glucose tolerance in Ldlr 3KO and Apoe 3KO mice injected with leptin or food restricted. A and B: the body weights of Ldlr 3KO (A) and Apoe 3KO (B) mice were monitored over a period of 85 days from the age of 10 wk. Each line was separated into 3 groups. The first group was injected with saline (Ldlr 3KO n ϭ 9, Apoe 3KO n ϭ 7). The second group was injected with leptin (Ldlr 3KO 10 -120
, n ϭ 12; Apoe 3KO 20 -80
, n ϭ 7). The third group was food restricted to attain the same weight as the leptin-treated group of animals (Ldlr 3KO n ϭ 13, Apoe 3KO n ϭ 8). C and D: glucose tolerance was assessed in the Ldlr 3KO (C) and Apoe 3KO (D) mice (described above) at the end of the study (day 86). Mice were fasted for 8 h and ip injected with 1 g/kg of dextrose. Glucose tolerance was improved in the leptin-treated animals in both lines. All data represent means Ϯ SE. **P Ͻ 0.01, ***P Ͻ 0.0001 vs. saline ad libitum (strain matched) mice; ϩP Ͻ 0.05, ϩϩP Ͻ 0.01, ϩϩϩP Ͻ 0.0001 vs. saline food-restricted (strain matched) mice. treated with leptin to restore insulin sensitivity. Interestingly, no improvements were seen in glucose tolerance in the foodrestricted mice for both lines despite their improved glucose and insulin levels following a 4-h fast ( Table 1 ). The glucose levels of these mice at the beginning of the glucose tolerance test were significantly elevated compared with the saline-and leptin-treated mice. These higher levels were observed only when the animals had been fasted for 8 h (for 4-h fast, see Table 1 ) and may be a long-term adaptation to fasting as a consequence of 86 days of food restriction. Indeed, when the glucose tolerance test data were analyzed as a percentage change from baseline (T0), glucose tolerance in the foodrestricted groups was significantly improved (vs. saline-treated mice of the same strain, P Ͻ 0.01 for Apoe 3KO mice and P Ͻ 0.001 for Ldlr 3KO mice, as assessed by area under the curve; data not shown). Altogether, these results indicate that leptin and food restriction are similar in their ability to improve glucose and insulin following a short fasting period but dissimilar in their effect on improving glucose tolerance after a prolonged fast unless baseline glucose values are taken into account.
Leptin treatment improves lipid profile and plaque progression in Apoe 3KO mice. Circulating lipid levels were investigated in both lines of mice (Table 1 ). In Ldlr 3KO mice, both leptin treatment and food restriction resulted in pronounced reductions in cholesterol levels. Leptin treatment resulted in a 39.2% reduction in cholesterol and food restriction in a 30.0% reduction. Apoe 3KO mice exhibited similar changes with leptin treatment and food restriction. However, the effects of food restriction were more subtle than in Ldlr 3KO mice. Leptin-treated Apoe 3KO mice had 52.6% lower cholesterol levels than the saline-treated controls after 76 days of treatment, whereas food-restricted Apoe 3KO mice had a nonsignificant 18.5% reduction. The cholesterol levels of the leptintreated mice were significantly lower than the food-restricted mice in the Apoe 3KO line only. Consistent with a reduction in cholesterol levels in the Ldlr 3KO mice, both leptin treatment and food restriction resulted in reduction of circulating triglyceride levels (Table 1) . In this case, food restriction had a greater effect on reducing triglyceride levels than leptin treatment (due to a lower calorie intake, which was even lower for the Ldlr 3KO than Apoe 3KO mice). After 76 days of food restriction, a 58% reduction in triglyceride levels was observed compared with control Ldlr 3KO mice, whereas only a 32% reduction was seen in the leptin-treated animals. As described above, Apoe 3KO mice had Ϸ300 mg/dl plasma triglycerides, and neither food restriction nor leptin administration resulted in any detectable differences. These data demonstrate that food restriction significantly improves triglyceride levels in LDLenriched mice; however, leptin is much more potent in lowering cholesterol levels in VLDL-enriched mice.
The more robust effect of leptin in lowering cholesterol in the Apoe 3KO mice than those in the Ldlr 3KO mice led us to investigate the extent of atherosclerotic lesion progression in the two lines. Total plaque sizes, which were measured after 86 days of treatment, were larger in saline-treated Ldlr 3KO mice than in Apoe 3KO mice treated with saline (P ϭ 0.012; Fig. 5,  A and B) . As expected, most of the lesions were found in the proximal region of the aorta. The lesion sizes in the Ldlr 3KO mice treated with leptin were significantly lower than those in the saline-treated group; the same reduction was seen in the food-restricted mice. Similarly, lesion sizes of the proximal region in the Apoe 3KO mice treated with leptin were significantly decreased compared with the same region in the salinetreated group. In contrast, there were no improvements in lesion sizes in the weight-matched, food-restricted group; lesion area in leptin-treated Apoe 3KO mice was only 36% of the area of food-restricted mice (P Ͻ 0.0001).
DISCUSSION
The metabolic syndrome is a cluster of metabolic abnormalities, including central obesity, insulin resistance, atherogenic dyslipidemia (high triglycerides and low HDL cholesterol), hyperglycemia, and hypertension. It has been recognized as a major cause of type 2 diabetes and cardiovascular diseases. Previous animal models present some but not all features of the syndrome. For example, Hasty et al. (14) recapitulate human lipoprotein metabolism because ApoB-48 mRNA is edited from ApoB-100 in the livers of mice but not humans (11) . Although this issue was addressed previously in Apoe Ϫ/Ϫ Apob 100/100 and Ldlr
Apob 100/100 mice (32), these double-knockout mice are intended for studies of lipoprotein metabolism and atherosclerosis and do not exhibit insulin resistance. In this study, our goal was to develop mouse models that exhibit hyperglycemia, insulin resistance, and hyperlipidemia with a lipoprotein profile close to that in humans for use in testing new therapies that target multiple arms of the metabolic syndrome. Given that 1) Lep ob/ob mice are one of the most commonly used models for type 2 diabetes research, 2) Apoe Ϫ/Ϫ and Ldlr Ϫ/Ϫ mice are the commonly used model for atherosclerosis, and 3) Apob 100/100 mice do not make ApoB-48 in their liver, establishing the triple-knockout mice was a logical approach to match our goal. Here we report Ldlr 3KO and Apoe 3KO mice, which recapitulate most characteristics of the metabolic syndrome. However, a direct comparison to the human disorder cannot be made, since these mice are leptin deficient and most humans with metabolic syndrome are not. Furthermore, the species-related differences in lipoprotein biology and dissimilar underlying pathogenic mechanisms between these mice and human metabolic syndrome limit the interpretation of the Apoe and Ldlr 3KO mice as true metabolic syndrome models. Nonetheless, both lines are present with atherosclerotic lesions in their aortas when animals are put on a regular chow diet. Additionally, the Apoe 3KO were diabetic.
Our Ldlr 3KO and Apoe 3KO mouse models share some similarities with those reported by Hasty et al. (14) and Wu et al. (39) with respect to glucose and lipid levels but also have some differences. Our models have lipid profiles much more similar to human lipid profiles. This could be due to the fact that the 3KO lines synthesize lipoproteins with only ApoB-100 and thus more closely resemble human hepatic lipoproteins than other mouse metabolic syndrome models. The advantage of this modification is important in addressing the role of lipoprotein metabolism in the development of atherosclerosis in humans. High-fat feeding mouse models of lipoprotein abnormalities (Ldlr Ϫ/Ϫ or Apoe Ϫ/Ϫ ) also result in the development of a metabolic syndrome (40) . Indeed, a recent publi- Fig. 5 . Proximal plaque size in Ldlr 3KO and Apoe 3KO mice injected with leptin or food restricted. A: proximal plaque size was measured on day 86 in Ldlr 3KO and Apoe 3KO mice treated with saline, treated with leptin, or food restricted, as described above. Images were collected from pinned-out aortas stained with Sudan IV. B: the %area occupied by the lesions as indicated by Sudan IV staining was quantified from the aortas of several mice. Ldlr 3KO mice injected with leptin (n ϭ 10), injected with saline (n ϭ 13), or food restricted (n ϭ 9). Apoe 3KO mice injected with leptin (n ϭ 7), injected with saline (n ϭ 7), or food restricted (n ϭ 6). All data represent means Ϯ SE. *P Ͻ 0.05 vs. saline ad libitum (strain matched) mice; ϩϩϩP Ͻ 0.0001 vs. saline food restricted (strain matched). Aortic lesion area was significantly lower in Apoe 3KO mice than in Ldlr 3KO mice (open bars, saline ad libitum groups; P Ͻ 0.05) as determined by a separate analysis using an unpaired 2-tailed Student's t-test assuming unequal variances.
cation (6) describing the generation of a leptin-resistant (induced by ectopic expression of the agouti protein) Ldlr-null mouse offers an alternative method for deriving a mouse model with multiple metabolic defects. These mice developed many metabolically relevant phenotypes and perhaps more closely recapitulate the biology of human metabolic syndrome (as evidenced by the elevation of leptin); on the other hand, these mice are neither diabetic nor similar to humans in ApoBcontaining lipoproteins. Nonetheless, high-fat-fed agoutiLdlr Ϫ/Ϫ , Ldlr 3KO, and Apoe 3KO mice will be complimentary in understanding the metabolic syndrome and providing pharmacological models to assess agents targeting metabolic syndrome.
Although both lines of mice presented here were obese, body weight and appetite were greater in Apoe 3KO mice. Furthermore, these mice were hyperglycemic, more insulin resistant, and less glucose tolerant when compared with Ldlr 3KO mice. Because these two lines of mice were very different in lipoprotein profiles, it is possible that the lipid profile of the Apoe 3KO mice (elevated VLDL) leads to worsened obesity and more severe diabetes. In keeping with this hypothesis, VLDL receptor null mice are protected from diet-induced obesity and hyperinsulinemia (10) . The interpretation of this study implicated VLDL in the transport of fatty acids from the circulation to peripheral tissues, and thus it is possible that VLDL excess in the case of the Apoe 3KO mice resulted in increased obesity and insulin resistance. Furthermore, it has recently been shown (21) that increased VLDL secretion precedes the development of diabetes in California mice.
Another possible explanation for the difference between the two strains is that VLDL excess also has deleterious effects on the survival and function of the pancreatic ␤-cells, as seen by injection of VLDL into mice (29) , and may explain the hyperglycemia in the Apoe 3KO animals. Each of these explanations relies on the deficiency in leptin signaling for the manifestation of diabetes and obesity in the Apoe 3KO mice, since these phenotypes do not develop in the single-knockout Apoe Ϫ/Ϫ mice. It is also possible that these two lines of mice are unequally matched for genetic background, and this may be responsible for the observed effects. Although we attempted to achieve genetic homogeneity in the backcrossing of the double-knockout mice (already backcrossed 5 times to C57BL/6) by one generation to Lep ob/ϩ mice, we discovered that the backgrounds were not similar as expected. Ldlr 3KO mice and Apoe 3KO mice are 94.7 and 74.6% C57BL/6, respectively, as determined by single-nucleotide polymorphism analysis (data not shown). To rule out the possibility of genetic background influences on these parameters, future congenic breeding will be required. As previously described (34) , total cholesterol levels of the double-knockout mice Apoe Ϫ/Ϫ Apob 100/100 and Ldlr Ϫ/Ϫ Apob 100/100 were very similar (Ϸ250 mg/dl). In these two lines of 3KOs, we also saw a similarity in the total cholesterol levels, but at much higher levels (Ͼ900 mg/dl). The ob mutation did not alter the lipoprotein characteristics of the Apoe Ϫ/Ϫ Apob 100/100 (preponderance of VLDL) and Ldlr
Apob 100/100 (preponderance of LDL); however, HDL was additionally elevated.
Even at a young age of 11-12 wk on a normal chow diet, both lines of mice developed lesions in their aortic regions, with fewer lesions found in the proximal and distal regions of the aorta. Also, we believe that there are significantly more lesions in both lines than in the Apoe Ϫ/Ϫ Apob 100/100 and Ldlr Ϫ/Ϫ Apob 100/100 in our previous report (34) . Schreyer et al. (30) showed that Ldlr Ϫ/Ϫ mice were susceptible to diet-induced obesity (diet rich in saturated fat and sucrose), dyslipidemia, and accelerated atherosclerosis. In contrast, fat-and sucrose-fed Apoe Ϫ/Ϫ mice exhibited no increased propensity for dyslipidemia and atherosclerosis beyond what was observed for chow-fed Apoe Ϫ/Ϫ mice. In the study conducted by Hasty et al. (14) , Ldlr Ϫ/Ϫ Lep ob/ob mice displayed signs of lesions in the aortic sinus and the aortic arch, whereas the Ldlr ϩ/Ϫ Lep ob/ob mice were completely lesion free. Our findings of worsened lesion areas in Ldlr 3KO mice are consistent with these studies.
Both Ldlr 3KO and Apoe 3KO mice were hypertensive at 11-12 wk of age. Enalapril treatment normalized blood pressure in these two lines. It has been reported (42) that Apoe Ϫ/Ϫ mice exhibit hypertension at 7.5 mo, whereas no hypertension was found at a younger age. In addition, Ldlr Ϫ/Ϫ Lep ob/ob mice have been found to be hypertensive when blood pressure was measured directly using a telemetric system (35) . The indirect tail-cuff method of monitoring blood pressure has limitations because the animals must be trained for repeated handling when placed on a heated pad and restrained. To adjust for these confounding factors we performed our blood pressure measurements in a very controlled manner (time on the heated pad, size of the restrainers, and no. of measurement cycles). Also, direct vs. indirect blood pressure comparisons in mice have been reported to be, for the most part, correlative (38) . Our data, generated from modified equipment and training acclimated mice, demonstrated that both lines of 3KO are hypertensive and responsive to the angiotensin-converting enzyme inhibitor enalapril treatment.
A second part of this study focused on the effects of low-dose leptin therapy in these two lines of 3KO mice to understand the role of leptin in modulating lipid homeostasis and atherosclerotic plaques. Low doses of leptin were chosen to maintain a constant body weight in the Ldlr 3KO and Apoe 3KO mice, which allowed us to make the assumption that leptin was administered at physiological levels. Improvement in glucose homeostasis was apparent in both lines of mice when treated with leptin. Apoe 3KO mice treated with leptin became normoglycemic but remained hyperinsulinemic, whereas leptin-treated Ldlr 3KO mice maintained normal glucose levels and did not become as hyperinsulinemic as the Ldlr 3KO saline ad libitum controls. We found that the improvement in glucose levels (Apoe 3KO mice) and insulin levels (Ldlr 3KO mice) were most likely attributable to the reduction in body weight, as evidenced by similar changes in the weightmatched, food-restricted mice. A reduction in caloric intake is known to reduce the severity of diabetes in humans (19) as well as several animal models of obesity and diabetes (1, 7, 22) and likely explains the observations seen in the food-restricted Ldlr 3KO and Apoe 3KO mice. Although the effects of food restriction and leptin treatment were similar on blood glucose and insulin, there was a clear difference in glucose tolerance. Only Ldlr 3KO mice treated with leptin were more glucose tolerant than the saline-treated controls. In fact, in both lines the food-restricted groups were initially hyperglycemic after the 8-h fast. This phenomenon could be explained by a physiological adaptation to the 86 days of food restriction. Indeed, chronic food restriction has been shown to increase gluconeogenesis under fasting conditions (9) .
In both lines of mice, leptin significantly decreased cholesterol levels. Interestingly, it has been reported that leptin treatment reduces HDL in Lep ob/ob mice (16) and improves bile acid elimination (17) . The reduction in cholesterol levels observed with leptin might be related to an improvement in plasma HDL cholesterol elimination. It is also possible that leptin exerts its effects by reducing the VLDL or LDL levels in both lines of mice. A notable difference in this study was the potent effect of leptin on lowering cholesterol levels in the Apoe 3KO mice to a far greater extent than food restriction alone or in Ldlr 3KO mice. These data suggest that leptin may exert direct effects on the metabolism of VLDL in the setting of VLDL enrichment and leptin deficiency. Additionally, impaired VLDL clearance has recently been described in Lep ob/ob Ldlr Ϫ/Ϫ mice, exacerbated by the absence of leptin compared with Ldlr Ϫ/Ϫ mice (5). Consistent with the reduction in plasma cholesterol, the extent of atherosclerotic lesion formation was also decreased in leptin-treated animals. In both Apoe 3KO and Ldlr 3KO mice, leptin resulted in a greater reduction in atherosclerosis than food restriction. This effect was far more pronounced in the Apoe 3KO mice than in the Ldlr 3KO mice and correlated closely with the more potent effect of leptin on plasma cholesterol. It is possible that leptin not only reduces plaques by decreasing VLDL but also directly modulates lesion progression. However, this mechanism may be unlikely, since leptin has been suggested to cause inflammation-induced atherogenic events and has been found to be a risk factor in clinical trials (2) .
Recently, it has been reported (4) that leptin deficiency suppresses atherosclerosis in Lep ob/ob Apoe Ϫ/Ϫ and leptin treatment in Apoe Ϫ/Ϫ mice increases lesion area. Our data do not agree with this report but confirm the findings of numerous other studies carried out by Coenen et al. (5), Gruen et al. (12) , and others (25, 35) where Lep ob/ob mice were bred with either Ldlr Ϫ/Ϫ or Apoe Ϫ/Ϫ animals. Furthermore, leptin receptor-null mice lacking Apoe or Ldlr also develop more lesions (5, 39) , indicating that defective leptin signaling results in increased lesion formation, and high concentrations of leptin (as expected in a Lep db/db animal) do not protect from atherosclerosis. It is noteworthy to mention that, in the study by Chiba et al. (4) , there was no effect of leptin in Lep ob/ob Apoe Ϫ/Ϫ mice. In summary, we have shown the implementation of two new mouse models with the phenotypes of the metabolic syndrome combining obesity, hyperglycemia, hyperinsulinemia, hyperlipidemia, and hypertension. The two lines have different lipid profiles and thus can be used for different purposes, e.g., VLDL vs. LDL cholesterol-lowering studies. We also showed that leptin is capable of reducing many of the metabolic disturbances created in these two models. Furthermore, we identified a potential role of leptin in cholesterol metabolism that may be elicited through VLDL modulation. Altogether, these data highlight the potential of both Apoe 3KO and Ldlr 3KO mice not only for testing newly emerging therapies for the metabolic syndrome but also in exploring biological mechanisms of glucose and lipid homeostasis.
